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@ Method for the determination of speelas tn solution with en optical wave-gutde. 

@ An analyte In sofutlon Is made to react with a spsofic 
reactant coated on the wave-guide thus modifying the optical 
properties ttiereof. The Index of refraction of the wave-guide 
material Is higher than that of the reaction medium which en- 
sures that a Pght signal tntected Into said guide be carried tyy 
multiple total reflection, the distance of penetration of the eva- 
nescent wave associated with the totally reflected signal baing 
of the same order of magnitude or greater than the thickness 
of the enalytaHreactant product layer. 
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FOR THE DElSKmaailOT OF SPECIES IN SOIOTION 



The present invention relates to the use of waveguide for the 
deteiTDinatiGn of the ccncentratioi of a species (or azialyte) in so- 
lution in a liquid by measuring the rate (ocncentration dependait) 
of its oooibiiaation with or dissociaticn frcm a specific reaccant there- 
5 tOf e«g* a conjugate moie^ in a cornplexation reaction. M^re speci-^ 
fically, the invention ccDncems a method for determining an analy- 
te in solution in which a layer of analyte-reactant product is form-* 
ed at the surface of a lit waveguide carrying a totally and nultip-- 
ly reflected electrcnBgnetic wave signal and changes the optical pro- 
10 parties thereof so as to niodif^ said sigtiali said modification be- 
^ ing nieasur ed and used for said determination • Ibus r the invention 

^ applies to a variety of chezdcal and biological systaos andr parti- 

cularly wellr to the detenninatioi of bioactive molecules in lew con- 
1 csitraticn by imnunoassay type reactions , i.e. reactions based on 

*1 15 the fotmation of conplexes by the addition of antibody (fiB) to anr 

tigen (36} loolecules or vicer-versa* 

Many methods already exist in the field for achieving the above 
mentioned determination based on the classical techniques of bioche- 
mistry. For instancer chemical reactions can be used to detect a giv- 
20 Gn analyte in a nuzcber of different ways. Classical systems inclu- 
de titration or reaction with a specific reagent that gives a col- 
ored product or precipitate. The requirenent for this detection sys-* 
tern is that the reageit is in equivalence or in excessr so that the 
product can be measured by conventional pbotcnietry, turbidimetry/ 
25 colorlinetryr etc*. The measuring system is chosen according to the 
size of the signal to be measured. At very Isjfi analyte concentrations, 
detection becomes difficult and greater discrimination can be obtain- 
ed, for exanple, by- concentrating t±e reaction product locally e.g. 
; by solveit extraction, centrifugation, etc.. which may becane tedious 

j 30 and costly. However, the above disadvantage was strongly reduced when 
a pract ic al system for tiae measuremait of biochanical analytes in 
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' extremely lew ooncentrations was made available in 1960. This micro- 
analytical system (radioimnunoassay) tcx>k advantage of the diarac- 
teristics of biological systems for molecular recognition (antigen-an- 
tibody reactions) and the extreme sensitivity of radioactive measu- 
5 rements (radioactive isotope labelling) • An essential feature of this 
breakthrwgh vas the concept of limited- reagent assay vith the trac* 
er label used to measure the distribution of the analyte to be mear 
sured between the reagent-bound and the free moieties (see for exsn^^ 
pie: Bevievf Paper "The theoretical aspects of saturation analysis" 

10 R«P, ESIsB in ^'In vitro procedures with radioisotopes in medicine" r 
Intematicnal Atonic Energy Ag^icy/ June 1970} • Although innunoas^- 
says were first described as limited reagent assays, equally pract- 
ical systems were later described for reagent excess methods (see 
mnss et al. Biocfaem, J. 108 , 611 (1968) • 

15 In additicn to volumetric and gravimetric analysis r the present 

methods thus involve highly sensitive methods such as colorimetry, 
spectroscopy and radioactive measurements* However, many of such tech- 
niques are now becondng (±solete as they are tedious, require a re- 
latively large quantity of analyte to be accurate, are. based hard 

20 to prepare and difficult to store reagents or require expensive and 
ombersome equipmait and highly skilled c^)erators • Thus , there is 
a tr^ zo/ to develop more subtle methods, which require less rea- 
gents and vdiicb can be performed safely, quickly and accurately by 
modesrately skilled personnel. J^mong such methods which have been dis- 

25 -closed lately, sane involve the use of optical wave guides includ- 
ing the reactant. For analysis, the wave guide is cc^tacted with the 
analyte in solution whereby a reaction with the reactant on the wa-* 
ve guide occurs with the consequence that the optical prcperties of 
the latter are modified* iSxe measurement of such modification thai 

30 provides the required data for the analyte determination, ik^cording 
to the teaching of some recmt references (for instance, DSP 4,050,895 
(EAHDy) and W 81 100 912 (BJCBUS) , the guides can consist (EDCK- 
LE5) of a pcarous light transmitting core iiipregnated witii the react- 
ant into which the analyte will dif fisse during the reaction. Or, (BOCK- 

'35 EES or HZfflDZ) the waver^ide can consist of a non porous light trans- 
mitting core (e.g. glass) orated with a porous or permeable sheath 
inpregnated with the reactant and into vdiich the analyte will dif- 
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fuse. Faithennoref in one specific case applied to iiictuncassay (H2^ 
DY, Exan^le -3) , a rc3d-shaped wave-guide is coated with an antibody 
layer bonded by diphenyldimethoxysilane and reacted with polystyrene 
latex sfdieres treated with an antigen* Hbe antigen treated beads will 
5 then attach to the guide and modify the light signal output of the 
latter r which variatim is used for the analytical determination. 

The above techniques have merit but they do not well s^ly to 
sooe typical analyses involving reaction kinetics. Dndeed, it is well 
kncwn that rates may provide essential analytical data, particular- 

10 ly in the case of autonated test systems and, since reacticRS occur- 
ring within penneable or porous bodies alw^s involve a preliMnar 
ry dif&sic^ of the analyte into said body, and since diffusioi pro- 
cesses are generally much slcwer than chemical reactions r the rate 
of the latter cannot be measured directly; in such a case, only egui- 

15 librium data can be obtained. Also in the kncwn prior-artr eirbodi- 
ments are avoided involving the use of a transparent core coated with 
a reactant sheath with a refraction index smaller than that of the 
cace for the reasoi thatf admittedly, low sensitivity would be ex- 
pected to result. Indeed in such case, most of the light: signal ii^ 

20 jectied at the ii^t of the guide will travel "within the core by a 
total reflection process and, in such case, as is c auimi ly accept- 
ed, the intreractioi of that signal with the reaction products locat- 
ed in the sheathf i.e. outside the core should only be minor. Con* 
sequently, care was taken in the prior art that the refractive iit- - 

25 dex of the sheath (where the reaction takes place) be always larg^ 
er than that (n^) of the core for allowing the light injected in the 
core at the input to be refractied into the sheath and, from that point 

on, to continue to travel in the sheath right to the output of the 
guide. NOW, contrary to sane of the prior disclosures, the output 

30 signal (the result of the light having been modified by passing 
Uirough the products of reactirai: reactant + analyte within the 
sheath) will not readily reenter the core and reach the back end there- 
of (this behavior results fron elementary optical principles to be 
discussed later) and, for the msasuremaits, the output light detect- 

35 or must be located in the very near vicinity of the testing probe 
(i.e. the bade en3 of the shea1±) • Snch arranganent is not always 
practical constructdonwise, namely when the guide (plus sheat±) is 
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dipped- in a liquid for measuring an analyte -in solution* 

IhB present invention remedies these drawbacks as it involves 
no porous core or sheath and no diffusion tbrctigb a matrix structure 
(sheath or core) • AlsOf in the present invQiticnr the light signal 
5 travelling inside ttie wave-^uide by total reflection is neither trans- 
mitted by nor guided within tte reactant analyte product? rather/ 
cxxly the evanescent wave conpanent of the signal input (i.e. that 
part of the wave that extends into the region outside the core in 
the case of total reflection) is involved. iSaaSf since the range of 

10 acticn of the evanescsjt wave is only a fraction of wavelength {\) r 
the qiantity of product needed (reactant + analyte) is extremely srcall 
and u tmo st sensitivity (with regard to the total amount of species 
to be analyzed) can be achieved. 

Ohusr cne ofcrject of the Invmtion is to provide a method for 

15 the fast and accurate determinationr with an optical wave-guider of 
the ocncentration of a chemical species or analyte in. solution in 
a liquid. Another objectiai of the invention is to provide an ana- 
lytical method .for determining biological analytes with great spe- 
cificity and sensitivity. ' Another object is to provide an analytic- 

20 al p&^>vy^ \Aiich can be easily implensited ty moderately skilled work-- 
ers and which recjuires only a minor am^nt of analytical soiition, 
StilL another object of the inventicn is to provide versatile and 
autcraated measuring devices adapted for carrying out the above inen^ 
tionned method* 

25 Ohese c±jects (and still fiirther objects which will appear in 

the course of this description) are ^ropriately fulfilled hy the 
present method viiich ccnprises using a wave-guide carer the index 
of refraction {n^) of which is selected to be higher than that (n2) 
of said analyte. soOuticn. and to provide a ratio n^/nj sudi that the 

30, depth of penetration in the solution of the electronagnetic field 
associated with said light signal travelling in the guide practical- 
ly matches or exceeds the thickness of the said l^er of analyte react- 
ant product. ThuSr for instance r the method involves rontacting a 
section of a lit (non porous) wave-guide core coated with a thin film 

35 of a reactant specific to an analyte with a solutiai of said analy- 
te thereby enabliisg said analyte to react wit±. said reactant of the 
film and fonn a reactant-analyte product layer, observing the cor- 
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•responding optical cdianges with time cx3curring to the light signal 
traveHing thrwgh the ooce at the output of said oore as the result 
of said product layer formaticn and ccnparlng the rate data obtain- 
ed with standard reference data obtained in a similar manner frc^ 
5 calibrating sanples of said analyte, the refractive index (n^) of 
said core being greater than that (n2} of said solution and the thick- 
ness of said film being oily a fraction of the signal wavelength. 

It will be useful at this stage to provide sane general inf ono- 
aticax on the transmission of light in a oore by the so-called total 
10 reflecticn procaess. This can be better done with the he2p of part 
of the acoonpanying drawing in which: 

Fig. 1 illustrates sdieraatically the total reflecticn process 
of an incident beam N at the boundary between a dense (n^) and a rar* 
re (n2) medium at an angle Q larger than © ^, the critical total re- 
15 flecticn angle. In this figure, is the initial magnitude of the 
electric field conpcnait of the li^t at zero depth in the rarer me- 
dium, Z is the dqpth of penetration axis and dp is defined in the 
discussion below. R is the reflected beam. 

Fig. 2 illustrates the fractional penetration depth "of electro- 
20 magnetic field in rarer buUc medium for total internal reflection 
versus angle of incidaice for a nunber of interfaces. The penetrat- 
ion depth is infinitely large at the critical angle and is about caxe 
tenth the wavelength at grazing incidence for relatively high index 
media. ^ ^ ^ ^/n^^ is the wavelength in the denser medium. CTaken from 
25 N.Y. EBiERICZr Internal Reflection Spectroscopy, Wil^ 1967) . 

Fig. 3 illustrates the interaction of an evanescent wave and 
a layer of reacticn product. 

Physical insight into the interaction mechanisms at a reflect- 
ing surface can be obtained from a more fundamental approach with 
30 the aid of Jtowell's equations. In the present case, i.e. reflect- 
ion in a dense medium at the boundary with a rare medium, the fol- 
lowing question must be answered: what is the electromagnetic field 
distribution in the rarer medium beyond the reflecting interface for 
total internal reflection? 
35 In this case^ there exists a wave &nction in the rarer medium 

vfcich propagates parallel to the. interface. Its electric field am- 
plitude falls off Kcpcnoitially with distance from the surface (see 
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Fig. 1) ; therefore it is called an evanescent wave. In the ideal Cct- 
se and if the rarer medium has no absorptive proper L y of its own at 
the wavelength considered/ there is no net flow of energy into the 
non absorbing rarer medium, since the thoB average of the energy des- 
5 cribed by Ppynting's vector (see, for instance M. BORN & E. TOLF, 
"Principles of Optics" Pergaroon Press (1959)) is zero, tethematical- 
ly, the electric field can be described by the es^xaiential function: 

10 E=Eo.e"'^ 



Bae depth of peoetrafcion defined as the distance required 
for the electric field, anplitude to fall to of its value at the 
15 surface, is givoi by 

M 

^ " 2ir(sin^"n^-l)^ 

20 ' 

vrtiere X -^/^^i is the wavelength in the denser medium and 
n2_]_ = nj/nj^ is the ratio of the refractive index of* the rarer me- 
dium, divided by that of the dsiser medium. Ttie meaning of these re- 
lations is' illustrated by Fig. 2 in vAich the penetraticxi de$>th di- 

25 vided by the incident and reflected wavelengtii A is plotted versus 
the angle o£ incidence- 9 for a ntinber of inter&ces (i.e. for dif- 
ferent ratios of ^^n^) . It should be noted that the penetration d^th 
is only abcut Gne-*tentb the wavelength in the cases v^en the differ- 
ence between the refraction indices is large, i.e. vrtien nj/n^^ is 

30- small, this being near the grazing anqlja (\ - 90^) . iMs penetrat- 
icn becanes indefinitely large as A approaches A , At a fixed angle, 
the penetration depth is larger in the case of small index differ- 
ences (i.e., as n2^2^ approaches 1). T3ie penetration d^pth is also 
proportional to wavelength and hence is greater at Icsger wavelengths. 

35 As an exanple if the dense medium is glass (n-^^ 1.5) and the rare 
medium is an aqueous aralyte {n^ Sl.3), n^/rij^ ~ 0.867 \riiich corres- 
ponds approximately to curve 11 of Fig. 2. In this case, the p 
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tration would be about 3/3 the wavelength at the grazing angle, theo- 
retically infinite at the caritical angle ( 60**) but already below 
1 at 65*». 

Since E decreases exponentially, the regiai beycsri the bounda- 
5 ry interface in ^ich the amount of energy for interacting with the 
product is stilL significant correspcnds to the d^th Z where the 
electric field magnitude is still a reasonable fraction of E^, say 
a value of at least 0.1 E^, better, the region in which E is between 
E^ and B^3. Thus, for optimum interaction efficiency, the thickness 
10 of the reacti^ product film should a^rosdmately iietch the depth 
of that region. This is illustrated on Fig, 3 which shows an inci-- 
dent (N) and a reflected beam ("R) , the zero d^th vector of the 
evanescent wave and a film of product reactant plus analyte (A) , the 
thickness of which approodmately matches the penetration depth d^ 
IS where E is about E^3. In Pig. 3, the influence of the refractive 
indes of the thin film A is not considered significant because the 
^ thickness of this film does not exceed the depth of paietration of 

the evanescent wave. Indeed, the dv^nge o£ refractive index of the 
rare medium due to the growing of the analyte-reactant film in the 
20 reaction area is so small that the corresponding change of the va-* 
lue of tte critical angle of reflection is practically negligible 
except foe the reflecting modes quite dose to that reflecting anr 
gle. Support to this view which constitutes an une:!qpected advanta^ 
ge of the invention over th^ prior art can be found for instance in 
25 the aforesaid N.y. EQ^BRICK referaibe, p.51. 

Another point ^diich should b& enphasized for conparison with 
the price art ocncems the efficiency of the interaction of the light 
signal with the reaction product. In the classical spectrometric sys- 
teiBS, a light signal is passed through a transpareit holder contain- 
30 ing the analyte {beaker or cuvette) and part of the CTergy is absOTfa- 
i ed by the sanple vdiich leads to seme degree of absorption that is 

I mrasured. Yet, this method is not particularly efficient as the anount 

*: of analyte should be relatively large to provide significant inter- 

action with the light signal under usual ccnditions. In coitrast, 
35 in the present invention where the interaction of an evanescent wa- 
ve with a film the thickness of which approsdmately matches with the 
penetration of that wave is involved, the efficiency is considerab- 
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ly higher since there is a strcng light anpLificatiarx effect in the 
interaction area. Irdeed, as shown for instance in the previously 
mentioned HAHKECK reference/ the field strength of the -rvarascent 
wave within its range of interaction with the analyte-reactant lay- 
5 er is mich stronger than that of the inccming signal.. This is actual- 
ly due to the simultaneous presence of both the incoodng and outgo* 
ing beam field anplitudes. 

ISxe above discussed optical fundamentals useful for understand*- 
ing the operating principles of the invaition refer to the use of 

10 unpolarized light. In practieer it is inportant to note that the ini- 
tial magnitude of the electric field at zero depth (E^ is d^endent 
on: the state of polarization of the incident light wave. Hxus, in 
some caseSf polarized light in place of ordinary light can be advan- 
tageously used in practising the invention (it will be seen herein- 

15 after that in case of measuring signal changes by ell^>scmetry/ po- 
larized li^t is essential) and, in such casesr the various optic- 
al parameters can be ocntroUed and optimized for nwytTnrm^ response 
and sensitivity; fac instance a selection of an appropriate incident 
polarization angle (e.g. polarization parallel or peifpendicular to 

20 the plane of incideaarse) can be made for maximizing E^. 

In view of the above considerations, the following advantages 
o£ the invention relative to the prior art can be fully appreciat- 
ed. Thus, in the case of a test involving one particular specific 
reactant fdc' an analyte, the thickness of the product layer will usual- 

25 ly be determined by the respective size of the product molecules. 
Bbc instance, in a typical inKnunoassay, the product layer may be cons- 
tituted of a first film of an antibody and a second film of 'an ejor- 
tigei^ a!he thickness of this may range d^)ending on the molecule 
pes frosa several i^ngstrons to several hundreds of Angstrans or mo- 

30 - re. Now, in view of the thickness of the layer, the index of refract- 
ion of the core may be selected and also in seme cases the wavelength 
so that the above discussed parameters will be matched as iraicb as 
possible. To give an exanple by way of illustration, if the layer 
involved is relatively thin, cores with high refractive indices will 

35 be selected (for instance^ sapphire, n - 1.8; silicc^r n = 3.4) and, 
if conpatible with the optical processes involved (i.e. abscrpticn, 
scattering^ fluorescence, etc.), shorter wavelfflgths will also be 
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selected. This will pennit minmizing interaction of the evanescent 
wave with regions of the analyte solution deeper than the thickness 
o£ the space where the analytical reaction is taking place, thus mi-* 
niznizing the influatce of undesirable extraneous factors (background 
5 noiser presoice of inparities in the solution and the like) . Cfavious-. 
ly, none of the nethcds of the prior art can achieve such possibi- 
lities. It should also be kept in mind in appreciating the differ- 
\ ences between the present invention and tiie prioc art where the tiiick- 

I ness of the sheath extends well beyond the penetration of the eva- 

[ 10 nescent wave (whereby the refractive index (n2) of the sheath beco* 

j mes determinant in contrast with what h^peis in the invention) and 

\ in vdiich n2 is made greater than the index, (n^) of the core/ that 

the light signal initially injected in the core and refracted into 
the sheath will not readily reenter into the core and be present at 
15 the output thereof as ^parently believed by sane (see for Instan- 
ce WO 81 100 912) • Indeed, when a light signal is travelling in a 
rarer medium surrounded by a denser medium, refraction of said light 
I signal into the sheath will occur. Then, this refracted wave will 

be totally reflected hy the outside boundary of the sheath and will 
1 20 bounce back toward the core. Now, since the index n^^ of that core 

1 is smaller than that of the sheath, the wave will do either of the 

two following things^ if the incid^ angle is larger than the crl-^ 
tical angle, the wave will be again reflected and will stay defini- 
tely in the sheath. If the incidmt angle is g™=»T**>^ than the cri- 
25 tical angle, the wave will go thmgh the core and penetrate on the 
other side into the sheath and so on. So, in no case wiU a wave ori- 
ginally injected into the core and having been refracted in the sheath 
return solely in the core and be present therein at the output of 
the core unless it is still surrounded by the sheath. Ihis is per- 
30 fectly illustrated in Fig* 3B of tSP 4,050,895. No sbortoGcning of 
that sort exists with the invention in whijch the key light signal 
only travels within the core and not in the outside layer ccntain- 
ing the reactant and analyte. 

Bie optical changes involved in the method of the invQJtiai can 
35 relate to different kinds of phencmena? for instance, the f dimming 
phenCGoaia can be involved: absorption of the light travellix^ in the 
core; scattering of the light signal by the reaction product? flno- 
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resoence of the reac*ian product upon excitation by the light sigij- 
' al in the oore« Further f the excitation signal in the core can be 
polarized and ellipticity polarisation factors may be subject to mo- 
dification by the analytical reactim and be monitored. Each of the- 
5 se possibilities are disclosed in more detail hereafter in this ^e- 
cificaticQ, 

l^e types of analytical roeasurements which can be accatplish- 
ed with the present netbod are so maziy that it is practically iiqpos- 
sihle to list them all* Hdweverr a fev exarrples will be qiv&x here- 
10 inafter by way of iliusteation. EEcwerer*^ before going any further 

■ 

in ^-h'jg directloi, it is useful to develop somewhat the fundamsntals 
pertaining to the application of the invention to ''limited reagenf 
and "excess reagent" assays desirably used in biological and diagnost- 
ic analysis, "Sac the purpose of sudi discussion^ we shall ccnvention- 

15 ally call the analyte the - "antigen" and the reagent the "antibo- 
dy" AB. Needless to say that the reverse occidition is also valid. 

"Excess reagenf assay refers to cases in which an excess of 
a reactant in respect to the analyte is used* "Limited reagent" es- 
sentially involves the use of a system in which the test substance 

20 or analyte (containing the antigen to be measured) is treated with 
a limted auDunt of a specific reagent (the antibody) to give an ana:- 
lyte-ceactant product (e.g. an Na^IiiB oonplex) pins seme residual ana- 
lyte. Khen the reaction is aliened to go to ccnpletioir i.e. if the 
assay proceeds to equilibrium ("saturation assay") / that is, the U- 

25 mitii^ conjugate reagent (£B) is saturated, with the analyte, it is 
necessary to add, prior to the reaction (or, in sequential assays, 
at sane time before the final equilibrium is reached, i.e. prior to 
measurement), a fixed amount of a labelled form of the analyte (2^) 
to the reaction mixture being under test. For the exanple of an an- 

30- tigen to be assayed with an antibocfy reagent, the proportion of the 
labelled antigen (ffi^) to the unlabelled one (unknmn) shall st^ 
the same in said residual analyte as it was at the start. Since the 
kncwn amount of AB used will bind a known amount of the AG -t- mixt- 
ure, it suffices to determine the residual AG** or the AG bound to 

35 the AB (by means of its label) to calculate the amount of AG origi- 
nally present in the sample, lb give a siicpLified exarnple, suppose 
that the sasple contains x equivalents of an enzyme (AG) to be meas- 
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ured by means of a known amount ^ of an enz^e conjugate (AB) . that 
£orm an cccplex (vith, for instance, a 1:1 molecular ratio 

of both components) • Thenr prior to the reaction, a equivalents of 
the same enz^ to be measured but in labelled form (AG^) are added 
5 to the sanple. Thus, in the course of the reaction, a portion of £ 
equivalents of antigen (AG + AG^ is consumed by the ^ equivalents 
of antibody. New, after reooving the complex from the mixture, the 
residual IG^ is ascertained by ccnventicnal means. If it is found, 
by substracting the value measured for the remaining AG , that the 
10 amount actually used was b equivalentSf it becomes evident, sin* 
ce AG and AG''^ are diemically indenticaL and consumed at the same rar^ 
te, that the ratio of consumed HG* to consumed AG, i.e. b/gHD should 
be equal to the ociginaL ratio a/x, fran which x = a{g-b)/b can be 
calculated. 

15 Ihis type of approach is quite attractive although, in the prior 

art applications, it suffers fran seme drawbacks, me of thea being 
^ the general requiremait that the ocnplex (mixture of AG^.AB + iUS.AB) 

'\ must be separated from the reaction medim which is sometimes tedious 

and a possible source of errors. Now, vAien applied to ' the present 
^ 20 invention, this drawback is non-existent because the conplex that 

forms automatically rsnoves the analyte frcrn the soLutiosi as it de- 
posits onto the wave--giiide. 'So illustrate ^e application of the pre-- 
sent method to "saturation t^ ass^" one shall again begin with 
a waver-guide, say an optical fiber coated with a specific antibody 
I 25 AB which is jjimersed into a buffer solution and allowed to equili- 

^ brate with it. de unknown snount of conplemsitary antigen AG to be 

determined is then added as before but simultaneously with a known 
small amount of the same antigen lahoiiori with a molecule having ^e** 
cific optical prqperties (AG*) e.g. cfptical absorption, fluorescen- 
30 ce, etc..) which may be detected by the evan esce nt wave interaction 
at the surface of the coated fiber using suitable optical arrange- 
msits to be described in this specification. Now, since both label- 
led aisd unlabelled AG are essentially identical in reactivity towards 
the AB-coated fibre optic, but cxily the labelled species can be de- 
{ 35 tected via its label, the apparent change in the optical prc^erty 

detected through the fibre (e.g. fall in absorbance if an absorbing 
label is used) will be inversely proportional to the unknown ooncenr 
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traticn of AG and can be determined with referetKse to a suitable se- 
cies of known standards ♦ This kind o£ application is illustrated in 
one of the Exanples hereinafter. 

At this point it is useful to make a clear statonent concem- 
5 ing the label used to measure the reaction that takes place. NDcmal- 
I7, in imnunoassa^/ it is not possible to measure the analyte di- 
rectly because the CGocentratims -of analytes and reagents are ex- 
tremely loum Since the equilibrium mixture in limited reagent assays 
essentially only contains excess analyte and a fixed amount of bound 

10 cmplexr when the touasc cannot be measursi directly and the latter 
is a fixed amountr no quantitative estimation of the ociglnaL ana** 
lyte concentration can be detained e^ai after separation of the cent- 
plex and the excess antigen. Hie added lahel Ipd tracer (a small quan^ 
tity of labpllefi analyte) is necessary to allow measurement via the 

15 label according to its distribution between the bound moiety and the 
free moiety. 

If the analyter however, has an intrinsic property that can be 
detected \dien it is concentrated locally (i.e. in situ separation 
and in situ concaitraticn) r e.g. on the surface of a fiber optic pro- 

20 be, then the addition of a labelled analyte tracer is no longer ne-- 
cessary. Hhvis, in the present invaiticnr the in situ c^icentraticn 
of the analyter-reagent" ccnplex may allow for the detection of the 
analyte without resort to a labelled tracer. However, local ccncsi- 
tratioQ of the analyte reagent onmplex {since the amount of reagent 

25 is- fixed) wiH not allow the quantitative determination of the ori- 
ginal analyte ccncentraticn unless the reaction between analyte and 
reagent is measured kinetically or unless the total amount of anar 
lyte is less than the nunber of reagent bonding sites. OiuiSr using 
the in situ separation and concentration of the ccnplex bound anar^ 

30- lyte in conjunction with a sensitive detection ^?stem in the kine- 
tic mode as in the present invention allows quantitative detection 
of the analyte in limited reagent system without resort to a label- 



As far as labelled systems are concerned, a distinction can be 
35 drawn between tracer s ystem s in vAich a labelled version of the anar 
lyte. is added in trace amounts to the reaction and the labelled rea- 
gent systems in ^Aiidb a label is attafi±ed to the specific reagent. 
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Uie fornBT tracer reagent is normally used in limited reagent assays 
(e«g. standard radio ininunoassays) , while the latter is normally used 
in excess reagent assays (e«g* standard sandv/idn assays) and can be 
used in certain forms of kinetic reagait assays (e.g. KHCNICEC et al, 
lEP 3f 939/350); labelled analyte and labelled reagent systems are 
suitable for the present invaiticn if the label used is capahle of 
being detected in an optical wave guide system (e.g. absorbing or 
fluorescent labels). 

For the next part of the discussian^ reference will be made to 
another part of the annexed drawing in which 

Fig. 4 is a diagram illustrating a first type of assay called 
"direct type of assay". 

Fig. 5 is a diagram illustrating a ocnpetitive "limited reagent" 
type of assay. 

Fig. 6 is a diagram illustrating an indirect ccnpetitive "li- 
mited reagent" type assay. 

Fig. 7 is a diagram illustrating a sequential "saturation" ty- 
pe assay. 

Fig. 8 is a diagram illustrating a "sandwich" type assay. 

The most straightforward case of assay to ^ich the imr^ition 
is applicable is sdaematized c»i Fig. 4. fi^is is calTfid the "direct" 
type assay. In this assay, a wave-giiLde ccxe 1 of which only a pc^t-- 
icn (with refractive index n^^) is represaited is provided with a film 
o£ antibody AB and this core is immersed in an analyte solution hav^ 
ing refractive index vi^ {rx^'> "ccntaining an antigoi as?to be de- 
termined. Ohe antigen will attach to the AB molecules at a rate pro- 
pcrtlcnal to the antigen ccncentraticn (since the amount of 

AB film en the core is a fixed entity) and vAen this rate is deter- 
mined r it can be correlated with standard rates obtained frcm cali-* 
brating A3 solutions and can be determined. Sor the amount of 

AB available can be "limited" or it can be in excess and the react- 
ion can go to an equilibrium, ibr detecting the AB-^ conplex form- 
aticn by means of the cptical changes occurring in the core, the va- 
rious aforesaid techniques can be used (i.e. extinction of the sig- 
nal by absorpticnr scattering and flucrescaice phenanenar etc..), 
provided the formation of AB.AG generates the required optical cfaanr 
ges. So, the test ^^ies particularly well to large molecules able 
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to scatter light or having otservahle properties at determined wa- 
velsigtiis or emitting fluorescence under excitation by certain wa- 
velengths. If such properties are missing, then the test is of lit- 
tle value and a "limited reagent" conpetitive tjpe test shall be pre- 

5 feraizle used with an aniount of labelled AG (AGT^) added to the anar 
lyte* Ihis is illustrated in Fig. 5 in v^ich the signs (letters and* 
nuDoerals) used are like in Fig. 4. In this test, the ancunt of Ms^ 
needs not to be knmn provided it is standardized (i.e.' always cons-* 
tant for a set of calibraticn curves and tests) , since the rates of 

10 the analytical reactions with various quantities of will always 
be- in direct relation to the AG^/AG? ratio (beizsg naturally kept In 
znind that the c^^servahle optical change in the wave guide is due on- 
ly to the Tfihellpd reacticn. product AG^.AB) • 

Ixi amther very useful variation of the "limited reagent" ty^ 

15 pe assay, the wave-^uide core is coated with a knowa or fixed anount 
of the same antigen (pref eraUy in pure fonn) vAicb should be deter- 
mined in the analyticaL sasple, after rfjich the core is contacted 
with the sarnple and, simultaneously, a fixed aznount of free detect- 
able antibody is added. This is illustrated in Fig. 6* in which the 

20 signs are the same as used before* It is seen on the figure that the 
refersice ani^mt of antibody AB. wilL siimiltaneously react with the 
refereice on the core and with the ii/S? to be measured. Hxlxs, the 
deserved rate (as depicted bry the optical changes occurring in the 
core) will be related to the mde- ratio and correlation with 

25 standard reference rate curves will provide the desired results. Ob- 
viously/ in this case the AB must have' observable properties in the 
optical method used for the test, i.e. AB can have absorbance at- suit- 
able A's^or be adapted to scatter light or the like. Mtematively 
if. AB is not directly c±6ervabLe on the guide when reacting with AG, 

30 .it can be lahpl Ip6 e.g. coupled with a fluorescent or any other opti-^ 
cally detectable label. 

Still another system inRrolves the so-called sequential testing 
illustrated by Fig. 7. In t- M^ test, there is provided a core with 
a fixed amount of AB, this am o unt being in excess of the cocrespood- 

35 ing equivalency needed to bind the AG? to be detennined. So, in a 
first st^, the coated core is contacted with the sanple \^ereby the 
available AG? is bound and thus r e mov e d from the saiqgle. ^Ihen the 
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ccfre is caitacted with labelled AG* which will fill the voltJs in the 
antibody layer an the core. Measuring thereafter or during reaction . 
the optical changes due to the label of will give the necessa- 
ry data for calculating the original arount of AG?. 

Finally^ the present invention also applies well to the assay 
case called ""sandwich" assay relating to the determination of anti- 
gens having more than one bonding sites for antibodies, i.e. anti- 
gens having sites numbered (1), (2}««« (n) capable of bonding with 
1, 2 or n different antibodies. This is schonatically represented 
on Fig. 8 where the first antibody is indicated as ABl, the second 
antibocfy as AB2 and a two-site antigen as (2)A3(1} . In this case, 
it is assijned that the antigen is not detectable per se optically 
vrfiereas AB2 is detectable after reacting on the appropriate second 
site of AG. Thus, in this case in vAich (2}AG(1)? is to be deterndnr 
ed, a core is used with an initial reference coating of a first an- 
tibody U^) and is ccntacted with the antigen soOLuticn. The latter 
wilL thus bind to the core by its first binding site after whic* the 
second antibody A52 in ref er^ice amount is ad3ed and its rats of bind- 
ing on site 2 of the antigen is m^sured in view of the optical cfaanr- 
ges occurring in the core as the result of this binding. Of course 
in this procedure, the first reaction ABl + (1)AG{2) can be allow- 
ed to go to equilibrium before adding the referoice quantity of AB2; 
or, alternatively, a similtaneous type test can be undertaken, i.e. 
the AB2 can be added to the solution simultaneously with the ocntacb- 
ing thereof with the ASL coated guide core* Ttiis is particularly ap- 
plicable vtere AB^ and AB2 ajce different nrnodonal antibodies (see 
for e^cas^ae, DOTHA et al. Journal of Dmunological ^fethods 42 (1S81) 
11 - 15} • Also, any variaticns of the afore described assay aysteia 
can be adapted by those skilled in the art without departing from 
the spirit of the invention, the operating parameter of any of st^ 
variation beirsg defined with referoice to calibrating solution san^ 
piles of the analyte. 

Exanples of devices for carrying the various edbodiinsnts of the 
method of the invention in the fields of optical absorption, fluo- 
rescence and scattering as well as ellipsonetric ireasuraoents will 
now be presmted with reference to a subsequent part of the accciD- 
paxxying drawings in which, 
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Fig. 9 is a schenRtic r^resentaticn of an apparatus for loeasur-* 
ing in situ changes in the light signal travelling through an optic- 
al fiber caused by the deposition of a conplex film on said optic- 
al fiber,. 

Fig» 10 represents schemtically en an exaggerated scaler a fi- 
ber Giptic probe usable in the agparatus of Fig. 9; Fig. 10a is a part-* 
ial top view of said probe and Fig. 10b is a side sectional view the- 
reof along the line B-B of Fig« 10a. 

Fig. U is a schenatic representation, on an enlarged scaler 
of another prdbe esbodiinait particularly adapted for light mode va- 
riaticns measurements. Fig. Ua is a front -viev/ and Fig. lib is a 
side view. 

Fig. 12 is a diagrantnatic repress: tation of the light signals 
at the detector of an ^paratus similar to that in Fig. 9 but used 
for fluoresceice- measurements. Fig. 12a concerns, the situation be- 
fore the reaction is started. Fig. 12b concerns the situation seme 

■ 

time during the test. 

Fig.^ 13a represents "sdiematically (top view) an apparatus for 
measuring optical dianges caused in a wave guide by light scatter- 
ing. 

Fig. 13b is a partial schematic side view of the ^paratus of 
Fig* 13a* 

Fig. 14 represaits schematically on an exaggerated scale part 
of a modification of the embodiment of Figs 13a and 13b. 

Fig. 15 represents schematically part of another modification 
of said eirfaonlimeat:^ 

' Fig. 16 represaits schsmatically an apparatus for measuring qp- 
tical chaises caused in a wave-guide by fluorescence phenomena. 

Fig. 17 represents schematically on a noich exaggerated scale 
a portion of the eipparatus of Fig. 16 to shew the angles of reflec- 
ticQ of the incident and fLuorescent^ light involved. 

Fig. 18a r^resents schematically (top view) an ^paratus for 
measurir^ ellipsometr Ically optical changes in an optical fiber caus^ 
ed by i±e formation of a conplex film on said fiber. 

Fig. 18b is a cross-secticnal view of a portion of such sgg&^ 
ratus alcng line A-& in Fig. 18a. 

^e apparatus shown schematically on Fig. 9 essentially ccnpri'- 
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ses the foliating caonponents: 

a) A fiber optic If the central part of which passes through 
a ccHitainer or cuvette 2 for holding a liquid analyte to be deter- 
mined; the cladding o£ the filDer section iusnersed in the liquid has 
5 been ranoved so that this section can be coated^ before operation r 
with a thin film of a specific conplexing reagent of the species dis- 
solved in the liquid and which should be determined. Hhe assembly 
of the fiber 1 axK3 the bolder 2 constitutes the test probe of the 
apparatus. 

10 b) A chopper disk 3 rotated fay a motor 4 and provided vrith two 

diametrically exposed windows with filters 5 and 6f plus a hole 7. 

c) A main light source 8, a ooUimating lens 9r an annular aper- 
J ture 10 and a focusing lens 11 for injecting into the probe fiber 

core an angularly selected light beasu In this particular sibodiiDmtr 
15 the fiber is multiiDOde and the aperture 10 is arranged for passing 
J specific modes according to scnie requiremmts to be discussed here- 

% inafter. fibweverf with modificatiois to be further discussed later 

' the present apparatus can also be used in conjuncticn with lower mo- 

de fiberSf e.g. singla mode. Ihe focussing lensr represented sche- 
_ " 20 natically on the drawing is actually an optical system analogous to 

a micrc^ocpe objective but v^icb can be adjusted/ in addition to its 
displacement along the optical pathr sidewise and up and down for 
accurately positicning the beam in front of the fiber front aid. 
I d} a!henr the apparatus conprises a main light detector 12 for 

25 transforming the exit light signal fran the core into an electric 
signal/ a lock-in anplifier 13 and a display device 14. A referen- 
ce signal is also provided by another source 15/ the light of which 
is pulsed by passing through hole 7 of the chpcper and directed to 
a detector IS, said detector then applying corresponding electric 
30 pulses to the lock-in anplifier 13. 

Ctoe ezbodizent of an analytic probe usabLe with the present ap- 
paratus is depicted on Pig. 10 (Pigs 10a + 10b) which shows a plast- 
ic holder tank 2 in two qpposite sides of which S shaped grooves or 
slots 2Ia and 21b have been cut. A portico of a fiber optics 1 with 
35 its cladding 22 has been inserted into and is being held by said grocr- 
ves. Ihe cladding of the middle portion of the fiber has been razDv- 
ed/ for instance, by etching with a suitable solvent, and thereaf- 
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ter coated with a thin film 23 o£ a specific ccnplex conjugate of 
the species to be detennined^ such species being represented by t±e 
small squares 24. 

The descriptiai of the cperaticn of the presaxt device then fol- 
5 lara: Filter 5 is first selected fer passing through the core a wa- 
velength A which is modified hy absccpticn at each internal reflect- 
ion site because of absorption of- part of the evanescent wave by the 
coating of the ccoplex jnaterial that will farm betweei. the film 23 
and the dissolved molecuLes to be analyzed 24. For Illustrative pur- 
10 poses, it nay be said that 23 represents a very thin layer of an an^ 
tibody (AB) and 24 represents molecules of a specific antigen (AS) 
to be determined r the ass^ being of the "direct t^pe" kind iUus- 

m 

trated ai Pig. 4. Filter 6 is selected for passing a wavelength ^2 
through the core that is essentially not absorbed by such oonplex 

15 coating and hence not affected by t±e inmunological reacticsi involv- 
ed. Ihusr when the dtxsgper 3 rotates two signals and X2 are al- 
ternately fed to the prcfee core, caie signal X that will be progres- 
sively al3sa:bed with grcwth of the coating 23 24, and another sign- 
al X 2 which will, serve as a reference signal i.e. for calibratloi 

20 and ccnpensaticn purposes (cell or fiber replacement, etc.). 'She 
probe is prepared by selecting a suitable length of optical fiber 
(multincde in the case shewn cm Fig. 10) , inserting it into the groo- 
ves 21a and 21b so thali. tSaa middle -porticn is held horizontal in the 
cuvette 2; water tightaess is provided by then filling the grooves 

25 with a rubber grout or cement sdution and allowing^ it to dry. Ttiea 
the cladding of said middle portion is etched away. For a resin clad 
fiber, this is dene with a suitable organic solvent for this clad- 
ding; foe. a glass dad fiber, the etching is performed with dilute 
hydrofluoric acid. In this last case, it is not necessary that the 

30 . cladding be etched ocggpletely for reasons explained below. Then, af- 
ter the dissolving or etching solution has been removed and the cell 
cleaned thoroughly with distilled water, the fiber core is coated 
with a film of antibody CfiB) by usual means, i..e. by filling the cell 
with an AB solution so that AB deposits onto the core as a uniform 

35 1^^ (if, by ax^ chance, the surface of the fiber has sufficient 
affinity for the molecule to be deposited thereon, it can priorly 
be made bending by the special treatments known in the art, e.g. graft- 
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" lug bonding sites r applying an intermediate reactive layer ^ etc.. 
In this respect r an abundant literature exists cn the subject (as 
disclosed in European Patent Application No. 29411) . After enptying 
the cell and rinsing, the latter is mounted on the apparatus at the 
5 place indicated between the lens 8 and the detector 12 and a suit- 
able buffer solvent is introduced therein. Ihe apparatus is then ac- 
tivated and the dbagger is rotated at a cc^aiient speed, e.g. 120 
rpm. The signals \^ and X2 are fed to the core of the probe arri the 
detector 12 converts them into ^jproximately squared electric pul- 
10 ses which are fed to the lock- in anplif ier 13. A . reference locking 

* 

signal is also provided once every tunif via the hole 7> by source 
15 and detector 16 enabling the anplifier to distinguish (by coin* 
cidence) between the pulses EroaiK^ and Xj- m practice, the controls 
are preferably set up so that the said pulses have about the same 
j 15 magnitude before starting the reaction. Then, at zero time, the sesnt^ 

J pie to be analyzed (a solution of AG) is added to the curette of pro- 

^ be 2 and mixed rapidly with the buffer (for instance with a stirrer 

i or a gas bubbler not shown) • The signal due to A^^ th&i starts to pro-* 

J gressively change at the exit of the core of the prd3e,'as a ccoser- 

*1 20 guence of the molecules of the analyte 7^ binding to the fiber 00- 

^ re (foe building the AB.AG ocgnplex) and said compley absorbing a part 

of the evanescent wave energy of A^, at a rate proportional to the 
concentration of i^, corresponding variations being provided to the 
anplifier in the fooi of the corresponding electric pulses from the 
25 detector 12. Tbusr the conputing circuits associated with the lock^-ln 
anplifier 13 will coipute the data resulting from the ratio of the 

A^/^ signals and provide the results to the- display systan 14, for 
instance in the form of a rate curve recorded cn a chart (of cour- 
se, any other type of display can also be used if desired: digital 
30 or oscilloscope, etc.). The obtained rate data are thereafter com- 
pared to standard data obtained from solutions of AG of known con- 
centrations and the unknown concentration is provided by interpolat- 
ion. Such calculations can be made manually or can be done autaxta- 
tically by means of a microoosiputer, the reference data being stor- 
35 ed in the memory thereof. By selection of ajpropriate periods dur- 
ing the time course of the reaction, the desired reaction rate da^ 
ta can be selected and distinguished from other rate data due to the 
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reactiai of interfering and undesired reactions ^ooeeding more or 
less simultaneously l^t at different rates. Mditionally or alter- 
natively f the equilibrium conditicns can be derived by extrapolat- 
ing and fay this the time taken to do each measurenisnt in oofnparis- 
5 on with normal eguilihrium measurements is reduced* Further cansi-- 
deration about this question can be found in "Kinetic Versus Equi- 
librium Methods of Analysis" by B,V7. RHjJOB et al., in "Centrifugal 
Analysis in nini^^'* Chendstry/ ERICS & SEEKCER; EKABCER (1980) and 
Analytical Chemistry 50/02 ^ (1378) , 1611 - 1618. 

10 It is useful to nots at this point that the sensitivity of the 

measx2rements can be varied depaiding on the. light mode orders applied 
to the fiber ii^ut, i*e. changing the ^serture 10 annular setting 
and width. Ohis is easy to understand when it is roneiEbered that the 
absorption phsrmena. pertaining to a totally reflected beam inside 

15 of a core and due to a cladding outside said core only affect the 
evanescait wave ccn^cnent of said beamr i.e. the electric ccnponents 
penetrating into the nl, adding, ^usr the total reflection angles of 
the modes selected must be shallcw enough with regard ta the fiber 
axis to ensure full, reflection (even when the refractive index of 

20 the aqueous solutiox is slightly modified by the growing of the coat- 
ing surrounding the fiber core) and steep enough to provide a suf-' 
ficimt daisity of reflecting sites along the fiber (indeed, it is 

* 

only at such silies that the evanescent wave is interacting with, the 
ocnplex^ coating)* OSiuSr a test sensitivity optimizatioi can be reach- 

25 ed by properly a justing the aperture parameters, this being depend- 
ent on the respective cocer test solution and cacplex refractive in-- 
dices. Such adjustments can be determined by those skilled in the 
art for each t5pe of measuranEPts and can be then design incorporat- 
ed foe the intention of field operators. 

30 It is also interesting to note that by changing the settings 

of the aperture 10 parameters , the present ^Tparatus can be made to 
operate in a different "class" . For instance, by properly adjusting 
such aperture, the apparatus can be made to operate with light mo- 
des in the near vicinity of the critical angle of total reflection 

35 6^ for the starting system considered. Then, in the case V9hsa in the 
course of the test the difference An s ^']^^2 decrease with canr 

plex formation, the angle of total reflection at the core-coating 
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boundary will change such that sane of the modes (or all) vdll be 
sufldoily refracted outside the fiber and shaaqp cut-off of the sign- 
al win occur. Such arrangement will therefore provide utmost sen- 
sitivity for very snwll amounts of analyte znolecules. It is however 
5 less well adapted to quantitative measurenents. 

It has been said above that, when using a glass dad fiber cpt-- 
ic, such cladding need not be eitirely etched away for the present 
use. Indeed/ since during operatioir the evanescent wave will actual- 
ly penetrate the cladding a few tens of nm, a residual glass clad- 
10 ding around the core with a thidsiess below* that necessary for the 
evanescent wave to significantly interact with the reaction materials 
is still possible which inposes less stringent ocntrol ccnditicxis 
on Che etching operation^ Also, thicker fibers are less fragile than 
thinner ones, 

15 A type of fiber holder that wiU multiply the sensitivity of 

the test by a large factor is pictured schematically on Fig. 11a and 
I b. Ihis holder ccnsists of two helically grooved flanges made of an 

inert pl^gHr! (plexiglass or polyester for instartbe) which a piece 
of optical fiber is wound and danped by clan^ 33 and 34. The front 
20 and back ends of the fiber, respectively 35 and 36f are bent side-* 
^ ways so as to be usable with the light injecting lens U and detects 

or 12. tte middle straight- sections of the windings 37 of the fiber 
are bare vdiile the ranaining curved sectlcns 38 resting in the grooves 
keep their original protective cladding. Olie etching of the bare port* 
25 icns is done by first covering the Icwer flange of the holder with 
a suitable silicone rubber cement solution and letting it dry. Bier- 
reafter the holder is iinsersed in an etching solution down to the 
lower face of the qcper flange vAiseby all the intermediate sections 
of the cladding will be removedr the Icwer rubber protected flange 
30 raoaining untouched. Rsr doing the tests and after coating the bar 
re porticn of the fiber with AG or AB as before^ the holder is cor- 
rectly positioned with the aid of a hook 39 in the optical path of 
the apparatus, ohen a cuvette with the reaction medium is brought 
in from below, the reagent is added and the measurements are dcrie 
35 as before. 

It should be pointed out that all the above discussions oi the 
presait invention concerned the use of fiber optics to be used in 
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an aqueous or organic mediuia the refractive index is near to that 
of water (i.e. around 1«3} whereas, the index n^ of the glass core 
of 1±e fiber is rather near to 1.5 and the index vi^ of the active 
coating is in between i.e. ^1.5 faut71.3» This ccndition is essent- 
5 ial here since if n2 were.>n2^ the light would be refracted into the 
cladding/ then back into the core and so on. As we have seen befo- 
re^ such method is not inpossible per ser for instance, it has beoi 
disclosed in Nature 257 (1975) by HftTOY et aL who worked with glass 
rod wave-guides and had to use rather thick polsmer coatings contain- 

10 ii^r espbeddsd, sces regents to be determined/ but it would not be 
practical in the preset case since the surrounding solutions always 
hav& refractive indices smaller than the fiber core n-j^ and only ve- 
ry thin coatings (of the order of a few angstrom to a few tens of 
nm) ara involved. In ccntrast/ HaRDT et al operated in air and did 

15 not measure rates of reactions. 

toother kportant point that should be discussed is the guest- 
ioi of ncno-niade fibers. Xndeedr with very minor modifications kncwn 
in the art aisi mainly pertaining to light injection into the fiber/ 
single-mode fiber optics can be used as well in the present method. 

20 Such fibers goierally have a very thin core (a few microns) surrounds 
ed hy a relatively thidt cladding and their transmission is strong- 
ly wavelength depOKient/ e»g. a fiber with CHily 5% attaiuaticn per 
meter at 850 nm may have attenuation of about 40% at 800 and 900 nm 
(see T.G. GXazz/JHhmi in Proceedings of the UEE 66 (1978)/ 748). 

25 NbWr for zaano-mode ocoduction in a. fibre at wayelaigth X the foUow- 
ing expression V = 8.9aVr^n/A must have a value belcw 2.4 (A^^ = n2-n2 
and a is the fiber radius in microns) . Above V = 2.4/ the fiber is 
no longer single-mode. When the value V is small (e.g. belcw 1)/ the 
guided single mode beocnias more loosely bound/ i.e. the field spreads 

30 ccnsiderably beyond the physical core of the fiber (e.g. two or three 
times the core diameter) . IhuS/ the fcransmission characteristics of 
single-mode fibers are very sensitive to tiny <±anges changes) 
in the refractive index of the cladding/ i.e. that of the organic 
coating which forms during the test of the present invention. Indeed, 

35 this refractive index is the key variable involved in the present 
assay performed with single-mDde fibers as the thickness of the com- 
pTov layer grows during the reaction. Whereas internal reflections 
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in a ffiultiiDode fiber allow the evanescent wave in the inroediate vi* 
ciiuty of the reflective boundary to pass parallel to the core for 
a very short distance (which can be defined by Maxwell's equatiois) 
at each reflecticn, the mcno-^node fiber allows for the passage of 
5 this evanescQife wave fraction parallel to the core alcaig the whole 
effective length of the fiber. Thus, the use of single-mode fibers 
in the present apparatus facilitates an increase in sensitivity as 
ed with multi-inode fibers. 
Single-HDcde fibers can be used without etching the original clad- 
10 ding mmpletely since the guided light fields extend significantly 
into the cladding and also into the ccoplex layer: formed during the 
reaction, 

I3ie modifications \^ich nsist be made to the apparatus when using 
single^node fibers are essentially of an optical nature/ i.e. inject- 

15 icn of the light into the fiber and <fetecting the signal. Such qptie* 
al variations are not described here as they are known frcm people 
skilled in the art and well described in the literature (see for ins- 
tance the above GIALLQ^I^TZI article and the references therein) • 

TSoB present apparatus can also be used for perfozmng the me- 

20 thod of the invQiticn but using fluorescence effects instead of ab~ 
sorpticn or refractive index changes. For doing this, the following 
modifications should be made thereto: 

a) A fluorescait labelled antigen (AG^) will be added to the 
analyte 2^. TbuSf the method will operate under the conditions of 

25 "limited reagent" immsiuassays as discussed hereintofore (see Fig. 
5). 

b) Filter 5 will be selected for aX. specific of the excitat- 
ion of the fluorescence to be measured and filter 6 will be select- 
ed for blocking A but passing the fluorescence emission wavelength 

30 As- 

c) iUi additional filter of optical characteristics identical 
with filter 6 will be inserted between the fiber back-^ and the 
detector 12. 

Then, the probe with buffer medium and its fiber qptics 1 ooat- 
35 ed (as usiiial) with an AB film will be installed and the apparatus 
will be adjusted for response as shown diagramatically in Fig. 12a. 
In this figure, there is shown a succession of piolses fran the de- 
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frqctty 12r the puLses inarkecl R are the -reference pulses produced when 
filter 6 is in the beam? the pulses E are the emitted fluorescence 
pulses injected into the fiber by the fluorescent conplex AB-iG^ mo- 
lecules that foon onto the fiber core* Biusr at the starts the E le- 
5 vel (Fig- 12a} is about zero from no fluorescence or only residual 
back^ground noise. Ihecif the analyte attaining the antigen to be 
determined plus a known quantity of fluorescoit labelled is ad- 
1 ded; a fluorescent coating gradually foncs at a rate proportional 

' to the X cQncentratioQ and an emission fluorescence signal appears 

10 in the fiber and progressively increases with tiise as shown on Fig. 
j 12b.' Hds variation is detected^ applied to the amplifying and cent- 

? puting secticnis of the agparatus and recorded the rate measure- 

ment desired. Bien, aftervards, visual or cooputerized c onp a r isons 
are made of the recorded data and standard ref ere»:s data from \Mch 

* 

15 the desired analytical results are obtained using the techniques spe- 
] cific to "limited reagent" assays discussed above. 

j| In the present embodiment, the fluorescence generated by the 

i coating outsi-de the fiber core is substantially reinjected into tte 

fiber and provides the signal used for the test. A related ^encme-- 
20 ncn has been recoatly described (see The Journal of Cell Biology 89^ 
141-145 (1981) with regard to a ^Lass block. 

When using a fiber optic advantage can also be taken fron a great 
sensitivity as. the useful laigth of the fiber can be made quite si- 
gnificant although confined in a very small space and using very small 
25 volumes of soloticns. It should also, be- menticaied that the measure 
of the fluorescaice of coatings in imrnmo-assay has already been re- 
ported (see M.N. KECNICK et al. Journal of Immunological fifethods 
(1975) / 235 - 240) . HoweveTr in such case^ the fluorescence was mea- 
sured through the antibody solution and only one internal reflection 
30 site was used which gave poor seisitivity since only a very limit- 
ed portion of the total fluorescence emission could be processed. 
Tn the case of using fiber ^rtrics like in the present inventioHf si- 
dewise fluorescence pick up can also be measured, for exa n pl e ^ by 
using a flat-coiled piece of fiber and placing the detector axial- 
35 ly to the coil thus collecting a larger part of the fluorescsit light 
eoitted by ti^ fiber. 

l!he pressit eidbodiinent provides many advantages over the pre- 
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sent testing roethot3s and devices known in the art. For instance/ 

a) TtiB sensitivity being proportional to the length of the hor 
mersed fiber section, very smsitive probes can be made although hav- 
ing small dimensions. 
5 b) Measuranents can be made over a wide range of wavelengths, 

in the visible, 07 and IR bands. 

c) A wide variety of substances (biological or non-biological) 
can be tested among which cne can cite drugs, haptens, enzyneSr pep- 
~ tidesr proteins, bomcneSr bacteria^ viruses and cells. A mace ccc^ 

10 plete list of detectable analytes can be found, for essrrple in 
patents Nos. 3,817,837 and 4,299,916. 

Gne interesting specific case is when testing blood sanqoles for 
transfusion with regard to possible antibodies in the recipients 
blood. Baus, optical fiber probes can be prepared with a film oonr- 

15 taining the blood ooostituents of said patient and tested against 
the blood a^lls of potential donors. In case of cross-reactivity, 
the ^TTs will precipitate onto the fiber (because of the reaction 
of their am AG centers with the AB of the fiber) and this reacticn 
can be easily monitored by one of the typical absorption bands of 

20 hemoglobin (e.g. at 555 nm) . toother interesting specific case is 
the possibility of using a wave-guide saisor in vivo to make quali- 
tative or quantitative meaaurgpsits of analytes within or secreted 
from the body. JVdt exanple, in diagnosis, it would be possible to 
assay the quantity of cixculating- insulin in response to a glucose 

25 loading test and, in treatment with injected honnmesr the in vivo 
sensor would ^tect the circulating honncne concentration. TtiB pos-* 
sibility of using in vivo sensors has now been described by BCCKEES, 
but the present invention would have the added ajdvantages of absen- 
ce of a label in the inmunoassay mode (vAiere many labels are high* 

30 ly active ooipounds with possible toodc or carcinogenic effects) and 
iiiproved light transmission thus <±viating the need for special txans- 
mission fibers to coL^e the signal in and out of the sensor as des- 
cribed by EDCECBS. 

•IHie apparatus shown schanatically csi Fig. 13a and 13b ccnpri- 

35 ses the following key conExanents: 

to optical probe ocnposed of a slanted edge wave-*guide plate 
41 held hy brackets (not shown) and a counter plate 42 maintained 
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in accurately controlled pRraTlel facing relationship in respect of 
the wave-guide 41. The plate 41 can be made of high quality float 
glass accurately cat or quartz. Ihe plate 42 can be a microscope sli- 
de. The space 41a between the plates 41 and 42 is of the order of 
5 a fraction of inm; this ensures that an analyte solution can be easi-* 
ly introduced into this space where it will be held by capillary for- 
ces. ibB apparatus further ooiqprises a li^it source 43 (in this par- 
ticular eidbodTmpnty the light source is a He-Ne laser providing po- 
larized light) , a chopper disk 44 actuated by a ncrtor 45 and provid- 

10 ed with a hole 46 for providing a piLsed light signal to be sent to- 
ward the optical probe through an optical system cangrising foois- 
ing lenses 47 and 48, a mirror 49, a polarizer plata 50, a cylindri- 
cal lens 51 and a diaphragm 52 for ninimizing stray li^t. The reason 
why the light signal is pulsed is to pr ov ide for ultimate ^lase sen- 

IS sitive an^lification of the detected- signal* 

The apparatus further ccnpr ises a Efaotonultiplier detector 53 
with its high voltage power supply 54, the outlet of which is oonr 
nected to a lock-in anpliS.er 55 through a two way switch 56. The 
photomultipLier is arranged to collect the light scattered by the 

20 product that forms cn the wave-guide plate in the space 4Ja as the 
result of a dipmical reaction occurring between a reactant and an 
analyte of the soLitioa filling space. 41a* The scattered light is 
indicated by arrows 57. 

The ^parati^s further ccmprises a detector 58 for collecting 

25 the light onerging at the output of the wave-guide core after mul- 
tiple reflecticns therein as shown cn the drawing. The output of this 
detector can be alternatively fed to the lock-in anplif ier 55 through 
switch 56. The references signals for* the apparatus are provided by 
a seani-transparent mirror 59 which derives a anoall portioi of the 

30 light of the source on a detector 60, the latter providing an inten- 
sity reference signal fed to an analog divider 61 r this being for 
ccnpsisating possible variations of the source during the measure- 
ments. A pulsed locking reference signal is provided by a mirror 61 
and a detector 62, the corresponding electric signal . being fed to 

35 the aiEplifier 55. The apparatus finally conprises an electronic unit 
62 which will ccaprise a display element (like in the previous sd- 
bodiments) and recorder for recording the oui^nit data and, opticnal- 
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J lyr a microprocessor for conputing the measured data and effecting 

the required octiparisons with the stared reference data fran cali- 
brating es^eriments. 

In practice, the present apparatus is c^^erated as fQlIc«;s. The 
5 first step is to prepare the optical probe by depcsiting a filjn of 
a reactive species on the face of the wave-guide 41 that defines the 
space 41a. Details csi how to do this are given hereinafter. Then the 
guide 41 and the plate 42 are mounted on the apparatus and the op^ 
tical and electronic sY5te3ns are started up. After a few minutes of 
10 warming i^, the ccrxtrols are adjusted fa: zero respc^e . frcm E^to- 
multiplier 53 (or alternatively, full transmission from detector 58) . 
(Qien the analyte soluticn (a few )iL) is pipetted into space 4Ja where- 
by the analyte in solution begins reacting with the reactant film 
on the guide 41« Whm the analyte-reactant product furnishes scat- 
15 tering sites (large molecules f agglomerates r etc..) a scattered sig^ 
nal reaches the pbotomultiplier tube 53 which is aoEtlified, proces- 
sed and displayed with time by the display included in the unit 62. 
^ This results in a rate curve; the slpfie data are recorded and ccm- 

i puted against standard data obtained frcm calibrating, samples and 

20 tcared in the moocry of the electrcxiic unit 62, This ccnputaticn pro- 
vides the - desired analytical results (e.g* the concentration of the 
unknown species in the analyte sduticn) acoordiisg to usual means. 
If the output of detector 58 is not used, the edge 41b of the gui- 
de 41 can be masked to minimize the formation of back scattered light. 
25 }^klng can be dene for instance with black paper or paint* 

An 'inprovemait to the aforedescribed enbodimant is illustrat- 
ed on Fig. 14. Instead of using a perfectly hcnogeneous working sur- 
face for the wave-guide 41, ox^ can first treat that surface to pro- 
vide discontinuities thereon. Ebr instance, one can modify the in- 
30 herent adhesiveness of the surface toward the reactant according to 
a certain pattern (achievable for instance by the kncwn photolitbo- 
gr^ic techniques) • In the case represented on Fig. 14, the surfa- 
ce 41c of the guide 41 has been slightly rou^ened at areas indicat- 
ed by numeral 41d, such areas being as parallel stripes about one 
35 waveleigth wide and separated by a distance of the same order of mar- 
gnitude. Such a grating-like pattern can be obtained by first cover- 
ing the surface with a photo-resistr ea^osing said resist layer 
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through a photographic film with the negative image of the grating/ 
develpEping Ci«e» dissolving the une^^osed areas in a suitable sol- 
vent) and etching slightly the bare areas, after develqpplng, for 
instance with HP. After final rancval of the resist, the plate has 
5 a grating pattern of stripes with alternating zones of higher and 
lower affinity for proteins (antigens or antibodies) , Thus, when the 
plate is omtacted with a reactant (AB) , the latter will mainly at- 
tadi to the etched areas as indicated on Fig. 14 by the letters AB. 
At this stage, the thickness of the pattern is not sufficient to pro- 

IC vide scattering; however f in the preseice of the antigen (which is 
of the proper nature to scatter light) , the latter will bind to the 
stripes having thereon the antigen i.e. as indicated by AG on the 
drar/ing. This discontinuous type of layer will provide di s tin ct or- 
ders of diffracted scattered light in contrast to the ^tray scatter- 

15 ing loode of the main eicbodiment thus ijinroving the directivity and 
the collecting efficiency (by the phofccmultiplier tube) of the scat- 
tared signal* In Pig. 14, the arrcws 65 indicate the zero order of 
diffraction and the arrows -66 indicate the first order of diffrac- 
tion- By collecting a specific order (e.g, , the first), the coUec- 

20 tioi of the signal by the pbotcanultiplier tube 54 is then strongly 
anplified and the signal-to-noise ratio is increased in this modi- 
f icatim as aatgared with the coUecticn of the stray sc;attered light 
vrtiich is only around 10% of the total scattered light. 

In another laodificatioa, see Pig. 15, a perfec±ly flat and re- 

25 gular surface 41c of a wave-guide was sprayed with microdroplets of 
antibody (AB) and, during analysis, the antigen AG attaches only to 
such preferentiaL areas. Such a structure constitutes a statistical 
scatterer which scatters light in the shape of a cone the size and 
geometrical parameters of which depend on the size and the dlstri- 
* 30 butioi of the droplets. Bins, also here, there is a directicoal ef- 
fect that contributes to increase the efficiency of the signal col- 
lection. Another advantage of providing diffracted light signal is 
to Tm'Tn'tn-T>»a. the inportance of accidgital scatterers such as dust part- 
icles or scratches in the glass with larger sizes (of the nesct higb- 

35 er order of magnitude, i.e. about loXor more); in such case the an- 
gle of diffraction is smaller and, the resulting diffracted light 
not reaching the j^aotcraultipLier tube, its presence can be neglect- 
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•Ehe apparatus represented on Fig. 16 is generally similar to 
that already discussed with reference to Pig. 13 but it is adapted 
for fluorescence measuresients instead of scattered light measurements. 
5 Ihis apparatus essentially oonprises an optical system represented 
by block 70 which is practically identical with the systati used in 
the apparatus of Pig. 13. therefore, the details are not repeated 
for siiipLification. This system 70 contains a pulsed light source 
and iQsans for providing a test signal of the correqt excitation wa- 

10 velength properly directed to a wave-guide 71 and a referaice, sig- 
nal to a reference detectoi 80. Like in the other entodijnent^ there 
is a plate 72 determining with guide 71 a thin space 71 for intro- 
ducing the analyte solutionf the layer of reactant being coated an 
the qgper face of the guide 71. The apparatus also ocnprises a si- 

15 de-defcector (the E^Ktcroultiplier tube 73 and its supply 74), a co- 
re output detector 78 and blocking filters 76 and 77 (these itsis 
are missing in the previous embodi^ient} • The electronic ce^ipcnents 
of the apparatus ccnprise two integrator anplifiers 81 and 82 r a mul- 
tipLaxer 83 , an analog to digital ocnverter 84 r a microprocessor 85 

20 and a display recorder 86. All these elements are conventional and 
their operations are firniiliar to those skilled in the art. 

The cperaticn of the apparatus in the side-pickip mode .is qui-- 
te similar to that described for the scattering ezobodijzient. Thus af- 
ter preparing the wave-guide 71 with a layer of reactant on its up- 

25 per surface and the plate 72, the analyte solution is introduced to 
provide a fluorescent reactant^analyte product, ^e optical unit 70 
sends a test signal of the proper wavelengthAjL for exciting the fluo- 
rescence of wavelength The emitted fluorescent light goes across 
screen 76 (which screens off all other wavelengths including scat- 

30 . tared excitix^ light) and hits the- ptotocultiplier tube 73 whereby 
a signal proportiaial to the fluorescence (and to the extant of the 
reactlcn) is produced. This signal, together with the reference sig- 
nal from detector 80 is fed to the multiplex anplifier 83 which al- 
ternatively feeds them to the remainder of the electronic elements 

35 whereby a processing similar to that described previously will oc- 
cur. 

Simultaneously or alternately with the aforementioned <^ration, 
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the signal cx:curring at the core outpit and falling on detector 78 
can also be monitored. 5br understanding hew this is possible, re- 
ference is toade to Fig. 17* On this flgtirev there is shown a portion 
of the guide 71f the plate 72 and^ in bett^een the space 71a and, sdie- 

5 natically, a layer of AB.M product (the prcdtK± vMch is the result 
of the reaction of the reactant AB plus the analyte PG of which the 
rate is being measured in the test) . The figure also shows the 
rious light beans involved in the excitation to fluoresoence process/ 
i.e. N is the iixddent beam at \jj R is the reflected beam of wave- 

10 la:igth X^^ and R£ are the generated badcward and forward fluorescent 
bean^ {h^ • 9 is. the angle of incidence and the critical angle 
foe A ^. &^ is the critical angle for A Nbw, as represeitedr the 
excitation light N hits the intenxal surface of the wall at an an- 
gle larger than the critical angle B and it is thus reflected 

15 (R) . However^ part of the evanescait excitation wave is absorbed by 
the layer and energy is reemitted at a shorter wavelength 

NoW/ by virtue of the reciprocity principle {conf irmed quantitati- 
vely hy C.K. CXmiaJSL et al. in J.O.S.A* S2, (4) , 1972r 479-486) , 
excited molecules onit evanescent photons which behave exactly as 

20 the incident evanescent wave photons* ThuSf the fluorescence emit- 
ted by molecules close to the dense-to-rare interface (the £B-2y3 lay- 
.er) propagates into the daase medium at angles larger than the cri~ 
tical angle Q for A 2* Actually/ peak fluoresoaice is observed whai 
6^ is close to B"^^ and at angles dose to df^^ (see R.E. BRENNER et 

25 al.. Fiber Optics, Mvances in R & D, Bcovidencer Rl, CSAr 19-23 Ju- 
ne 1978, NT Plenum Press (1979) ) . Thus, the emitted fluorescence ma- 
ximum intensity ocaicentrates within a relatively small angular -ranr 
ge and, when guided in the waverguide, the output at several inter- 
actim sites add xxg to provide a higher intensity signal at the out- 

30. put of the core. A second point of iinportance is that, because the 
refractive indices are different foe different wavelengths, the ex- 
citing signal and the fluorescent signal are following paths with 
different reflection angles in the guide and they will emerge fron 
the output also with angles different fircm one another. Sence, ther- 

35 re is an inherent optical separation of the enitted beam frcm the 
excitation beam at the output of the core and detector 78 can be suit- 
ably placed to be in the path of the fluorescent signal (\2) while 
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avoiding the residual excitation beam {\^ even in the absence of 
filter 77. 

The apparatus r^resented on Figs 13a and Ifij is intended for 
iceasuring optical changes occurring in an optical fiber wave-^uide 
5 provided by the forraaticn of a product on the surface of said fiber, 
this measuring being perfonned by means of ellipscroetiry. Sllipscaae- 
tric ineasurement applications - to hioass^ have be^ detailed in our 
related European application EP 81 810 255,0 and the present reader 
is referred to this disclosure for general considerations in this 

10 field. Hie main difference of the present application with the prior 
disclosure is the use of an optical fiber instead of the generally 
known flat reflecting sur feces. ELlipsanetry is based on the measxi- 
rement of changes in the degree of elliptical polarizaticn of light 
caused by the presence of a film of matter deposited on the reflect- 

15 ing surfaces. In view of the particular nature and geanetry of op- 
tical fibers as con^ored to flat surface wave-guider additional featu- 
res must be considered. Firstly, in order to maintain a beam of light 
linearly polarized in a fiber, one must use a special family of light 
modes. IHiese modes are defined as the HE^ modes, with m =^ 1, 2, 

20 3 n (n being limited by the size and refractive index of the fi- 
ber ocnsidered, see E. SKCTZER and H. OS'i£It&ERG J« Opt. Soc Am 51, 
499 (19S1)). Secondly r to be able to measure the fuH extent of any 
polarization modif icaticn caused by a reaction occurring on the sur- 
face of the fiber, it is inportant that signals with any direction 

25 of pdarizaticn be transmitted equally well along the wave-^guide. 
Ibus, geometrical perturbation such as that caused by mechanical 
stress cn the fiber should be avoided because, in such case, one par- 
ticular direction of polarization could be favored. Consequently, 
in the present apparatus, the optical probe (of which the key ccm- 

30 pcnent is the optical fiber) is made short and rigidly immobilized 
to minimize the undesirable effect of vibration or other possible 
perturbations. 

In order to preferentially excite the EE^^ woSes in an optical 
fiber, the radial light intensity should have a (Siussian distribu- 
35 tion, e.g. that obtained from a laser radiating in the fundamental 
mode and the beam should be directed axially and centrally on the 

m 

fiber end. This coining can be achieved by means of a microscope 
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objective. !tow, for minimizing background perturbations f it is pre*- 
ferable to operate with only one node rather than several modes si- 
multaneously. In the pressit apparktus, the HE^ mode (lowest sin- 
gle mode) was selected for sintglicity. In principle, multi-mode fi- 
5 bers are usable with single mode signals. This can be made possible 
(i.e* the proper Gaussian distribution can be selected) by letting 
the incidant beam diameter at the fiber input face be 0.65 tijnes the 
diameter of the fiber core. However, this is not really satisfecto- 
ry because other modes with varies polarization states are also ex-* 

10 cited to scstss astant and a partially depolarized signal is obtain- 
ed at the pcobe output. Hence, it is" greatly preferable to use a sin* 
gle-mode fiber in this embodiment since this will essmtially only 
transmit the HE^^ node whereby no conversion to higher order n o des 
and thus no decay in the degree of polarization will occur. Conse- 

15 quently, a higher signal-to^oise ratio is obtained as ccnpared with 

-using multi-mode fi2Ders. 

In the pcesait enfaodiment, the fiber length is preferably 10 

cm or less for the aforeBKbtioned reasons It is preferably a high 

quality single-mode fiber with respect to depdarizaticn and hire- 

20 fringence characteristics. Fibers obtained by CCD technitijes such 

« 

as that disclosed in H. ADLICH et al., iSpplied Optics 19 , 22 , 3735 
(1980} are preferred. 

The apparatus represaited on Figs 18a and 1S3 conprises an op- 
tical pcobe conprising a partially etched piece of optical fiber 101 

25 with a core lOla and a symmetrically resnoved cladding 101b. Ihe tech- 
nique for rsnoving the daiMing is the same as that disclosed for 
other optical fiber aEplicaticns in this speci f i cat ion. At a very 
short distance from the bare fiber core (a fraction of a mm) m both 
sides thereof are placed two glass plates 102 rigidly maintained cxi 

30 "D" shaped brackets 103. The clad qkJ poirbicais of the fiber wave-gui- 
de are danped by means of ^^Tgrpg not sbmn mounted on an adjus table 
rack not shownr the latter enabling the position of the fiber to be 
accurately ccntsQUed sidewise and xig and down. The space 104 bet- 
ween the fiber- core and the plates 102 is the reaction site, the li- 

35 quids to be tested being retained by capillary forces betweoi the 
fiber and tte plates. 

The preseit ^gparatus further ccnprises two micrcscope object- 
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ives 105 and 106 for coupling the ii^jut incident beam with the fi- 
ber and the out^jut elliptically polarized signal vrith the detec±ing 
systan, respectively. The incident beam is generated by a light sour- 
ce 107, (in this embodiment a He-Ne laser} the output light of which 

5 goes across a polarizer plate 108 and a rotating chopper disk 109 
driven fay a motor HO and having a hole 111 for chopping the signal. 
Then, the detecting system of the ^^aratus comprises a quarter-war- 
ve plate 112, a polarization analyzer 113 and a photodetector 114/ 
these elements being similar to corresponding elements described in 

1.0 related application EP 81 810 255,0 and operating sfadlarly. Final- 
ly • the apparatus ccoprises a lock- in anplif ier 115 and associated 
oc5ip3nents, i.e. micro-ccnpiter 116 and recorder 117, the functions 
of these electronic cuupu nents being essentially the same as that 
of the oorrespcnding eleanents already described earlier in this sper 

15 cification. It is to be further noted that, the reference chopped sig- 
nal used for refersice purpose is represented on the drawing as ori- 
ginating fran the choEper motor HO and being transmitted to the am- 
plifier lis by a line UB. 

The cperaticn of the apparatus is very similar in essoace to 

20 that described in the previous eirtodiments oamfained with the opera- 
ticn of the apparatus described in related application No. EP 
81- 810 255.0. Thus, for making a test, the bare portion of the fi- 
ber is first coated with a reactant (e.g. the antibody) as shewn by 
numeral 120 on the drawing by filling the space with the proper so- 

25 luticn as shewn on the drawing by dashed patterns, Thsx after the 
usual rinsing and drying stages, zeroing of the instrtm^t in the 
presaice of a blank buffer fay properly alternatively rotating the 
polarizing elenents 112 and 113 (see description in application No, 
EP 81 810 255.0) , and remerving the -blank soluticn, the solution to 

30 be tested is introduced for starting the reaction between the anti- 
gen analyte and the antibody coating which results in the grcxdng 
of the reactant-analyte layer on the wave-guide core and consequent 
modification of the elliptically polarized output. The correspond- 
ing change from the photodetector 114 is anplified and monitored in 

35 the electronic associated ccapdnents 116 and 117 and provides the 
desired data exactly as in the previous efrin xliments* 

For the innohllizaticn of a film of antibodjy on a wave-guide 
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care {otf of course, of antigen if this is the antibody that must 
be determined) many methods known in the art can be used as alrear- 
dy mentioned hereinbefore. In carrying oat tiie present invention, 
with reference to imoiunoassay testing r it is generally preferred to 

5 take advantage o£ the feet that most i^ipes of glass will strongly 
adsorb proteins via their hydrcphcAic or hydrqphilic areas. Ttxtss, 
in such case,- the etched fiber is first cleaned in an aqueous deterg- 
ent (e.g. a 2% atjueous detergent solution) . Then, " it is rinsed unr 
der running water and imnersed overnight in cone, S^SO^* Then, it 

10 is rinsed with distilled and dried in wana air. It then readi- 
ly binds proteins from solutions, e.g. huzian IgS in buffers. 

In another preferred method, the active portion- of the guide 
after cleaning with H^O^ and rinsing as above, is irtmersed for an 
hour in a 15% (w/v) of Tid^ in an anhydrous organic solvent like 

15 acetone or ethanol* ^etxif it is washed with distilled water and 0*1 M 
phosphate buffer (gB 7) and, thereafter, contacted with a hunan IgG 
solution (2 g/1 in 0.9% ITaCl solution or 0.1 M phosphate buffer, pH 
7) • The fiber (or rather the prc±>e) thus made ready for testing 
against PG*s is stored wet in a suitable buffer (or even .dry for short- 

20 er periods) . 

Bie Examples that follow illustrate the practical aspects of 
the invention. 

E^agple 1 

25 

An optical probe including a waveguide of the type described 
with ref eroice to Figs 13a and 13b and a glass counter plate was pre- 
pared for undertaking innnmochemical ass^s as follows: the glass 
items made of the follcwlng type of glass (n = 1,523): ''E^bLoses 

30 Brillenrohglass B-260, DRSBG", were first washed with a warm deter- 
gent soliitionr rinsed in distilled water and air dried. Then, they 
were immersed for 5 min in concentrated ^250^ at 95°C, rinsed in dis- 
- tilled water and dried with clean tissue. The subsequent manipula- 
tions were then carried out with utmost care the dean glass sxirfe- 

35 ces not being touched and the probe handled by the edges. Ihe pla- 
tes were mounted on the apparatus as illustrated on Pigs 13a and 13b, 
leaving a space of 0.3 xm between them. Bor coating purposes an ap- 



SRU 000916 



0075353 

proximately (but accurately weighed) 1 g/1 antigen solutiai was pre- 
pared fcy dissolving the required amount of solid human inmunoglcAu- 
lin (SEEVa BICXEEMICffiLSf Heidelberg, Germany) in 0.9% NaCl solution. 
About 0,2 ml of such solution was placed between the glass elements 
S 41 and 42 of the probe by means of a syringe and allowed to stay there 
for two hrs at rocan tenperature. During this time, approximately 1 
to 10% of the PG available in the sanple became attached to the sur- 
face of the wave-guide (about 2-20 jug). Then the cell was aiptied 
by absorbing the liquid with an absorbent material and the cell was 

10 rinsed with distilled water, the rinsii^ waters being raaoved as be- 
fore. Bien a 0.1 M phosptoate buffer (pH 7) containing 2 g/1 of bo- 
vine serum albianin and 0.5 mVl of liquid detergent (TOEEN 20) was 
placed in the cell and left there for 1 hr. Bie serum albumin would 
fill the "holes" left enpty on the glass after coating with the an- 

15 tigei (i.e. since the antigen does normally not attach to all avail- 
able areas cn the glass and, since the antibody to be tested has al- 
so affinity for the bare glass, the presence of uncoated areas, the 
"holes" on the wave-^guide, might subsequaitly introduce errors in 
the measureanents) . Since the antibody has no affinity for the bovi- 

20 ne serum albumin, this treatment would there simply disable the un- 
used bare portions of the glass. Hhe detergent actually si:ppleiiiBnts 
svch acticn. 

After again washing and rinsing, tte cell was allowed to dry 
in a current of pure warm air. It was then ready for the experiments- 

25 &11 analysis were dene at room tenperature. The various optical and 
electronic ooi q pQ ' i ents, exc^ the jtotomultiplier tube, were turn- 
ed on and allowed to equilibrate and a sanple of antibody solution 
(2 ml) was introduced into the cell by the same means. The antibo- 
dy selected was rabbit anti-human Imfmsioglobulin fron IMMD!^ 

30 chEMICMjS, Cqpeihagen, Daimark- in 0.9% NaCl. The initial solution 
as received was a 10 g/1 protein sdutian with a titre of 900/ml, 
i.e. this number (provided by the manufacturer) iteans that each ml 
of the antibody solution actially neutralizes 900 }ig of the antigen 
(neutralizaticn here means that when such reciprocal quantities of 

35 both ingredieats have reacted, the solution contains no more appre- 
ciable flS or AB). Thus, for calibrating purposes, kncwn antibody so- 
lutions ccnveniently diluted were used for performing the test (see 
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Table 1} • As sooi as the cell was filled with the calibrating solur 
ticn {n = • aEproximately 1*33) , the roaa was darkened to avoid satu- 
rating the pbotomultiplier tube and the latter was switdied on. Bie 
rate curve generated from the scattered light signal picked up by 
the photomultiplier started to develop after seme seconds of eqiji- 
libration (probably due to the time necessary to properly wet the 
proteins of the coating). The- reaction was allowed to proceed for 
about 2-5 rain and the slope of t±ie rate curve (nearly linear) was 
averaged over that period, 

The resiiLts are summarized in Table I below which gives the va- 
lues of dilution of the sainples of antiserum and the corresponding 
calculated titre values as well as the slr^jes of the corresponding 
rate curves as measured with the apparatus used. 



15 



20 



Dilutics of antiserum 
(1 ml -t- ml of 0»9 NaCl) 



1 + 20 
1 + 100 
1 + 200 
1 -{-1000 



Antibod^f tltre 
of antiserum 

42.9 
8.9 
4.5 
0.89 



Slope of rate 
curve (mV/min) 

22.0 
12. S 

6-.1 

0.8 



25 



30 



Far the analysis of an unknown sairpler the same procedure was 
followed, tiie rate data being recorded and, afterwards, can^ared to 
the standard data of Tafcle I. The desired analytical data were ob-^ 
tained by plotting the analytical rate value obtained against the 
correspcnding titre as given fay said data of Table I. 

Eianiple 2 



15a& reverse of the eaqperiiiient described in Example 1 was per-- 
foaued with the same apparatus and under t±e same ocnditions. In this 
35 case, the wave-guide in the optical probe was. coated with a fiM of 
antibody (rabbit antihuman immunoglobnlin) by means of 0.2 ml of the 
initial solution of titre BOQ/ml (see Escample 1). All other operar 
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ticns were the same as described in Exazrple 1. The calibratirq sane 

ples were prepared frcan known dilutions of the antigen solutiOT as 

given in Table II which also summarizes the slopes of the rate cur- 
ves recorded. 

ftntigen solutions Slope of rate curve 

(nd/l) (mV/Mn) 

0.42 4.9 

1.63 11* 3 

5.32 19.0 

10.16 21.7 



Ebr analyzing unknown saitjies of AG, the procedure ,already des- 
cribed in Exanple 1 was followed ^ i.e. the slope of the correspond- 
ing rate curve under test was measured and the value obtained was 
correlated with the corresponding antigen concentration by casgax:^ 
20 ing with the graph prepared from the values summarized in Table II. 



.le 3 



In this Exaaplef the signal obtained froni the light energing 
25 fran the back-«id of the wave-guide and falling on detector 58 was 
used for generating the rate curve. Hie critical probe was essential- 
ly the same as that used in Eteinple 2 (with a coating of ABr rabbit 
antiHauman ImnunoglobaLin) . Sauries of antigen solutions (like in 
Example 2} were used the concentrations of which are sham in Table 
30 UI belcw. The remainder of the liberations were carried out exact- 
ly as explained in Egamples 1 and 2 with the difference that the pho- 
tcnultiplier 53 was not used and that the signal actually decreas-* 
ed as the reaction went on (this is becaise the proportion of light 
not reaching the output of the wave-guide increases as the reactioi 
35 proceeds) • The slope of the rate curves recorded as a function of 
the amount of AS present in the sanies is given in Table III. 
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TRKTjR HI 



Antigen solutions 
(mVD 



Sloge of the rate curved 
(mV/toin) 



10 



1.0 
0.32 
0.10 
0.03 

ile 4 



-0.42 
-0.35 
-0.31 

nob £eadily measurable 



The foUcwing Ezanple illustrates a cco^titlve assss method 
of the tjpe discussed with cefereice to Fig. 5. For this, a fluoresf- 

15 cence measurement type o£ ^gparatus o£ the kind disclosed with re- 
ference to Fig. IS was used. Ihe optical prdDe was prepared fay coat- 
ing the ocoresponding wave-guide 71 with a film of hunan jjnmmoglo- 
bulin (AG) by the. same procedure described- in EsantpLe 1. !Ihe anti- 
body AB*' used was labelled with fluorescein isothiocyanate (PilC) 

20 and specific to the antigen tested (it was obtained from CAED 

MDNOGDCBULH^r Copenhagen) . The unlabelled corresponding antibody 
AB was also obtained frcni the same source. In the foliating experi- 
mentf the output face 71fa of the wave-guide was coated with black 
paint to minimize scattered incident light. 

25 In each escperimatt^ a fixed quantity of tracer antibody AE» was 

added. Ihis quantity was 100 jul of the Dako product diluted 1/200 
in 0.1 M phosphate buffer at 7 and it was mixed with 100 fiL of 
the test solution of unlabelled AB in the dilutions given in OlSable 
BT. lEbe cpecaticn was perfopned as in the previous ExampleSf the mix^ 

30 ed 200 jul portions being injected between plates 71 and 72. The re- 
suits are reported in tenos of the slopes of the corresponding r^ 
te curves in teble IV. 



35 
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Dilutioi of antibcdy Antibody Slope of rate 

(1 ml + ml of buffer) titre curve (mV/min) 

1 + 20 42,9 11-6 

1 + 100 8.9 57.7 

1 + 200 4.5 90.3 

1 + 1000 0.89 95.5 

Bbr the measuresnent of unknown soluticns of antibody, the sa-* 

me technique was used (addition of 100 ;ul of the labelled antibody) 

and the results were obtained with reference to the standard data 
given above* 

Exagple 5 



lOie previous Ebcanple was repeated but r this time, the output 
frcm detector 78 at the back-^d of the wave-guide was ircnitored. 
20 Using the same test ocncentrations given in Table IV, the correspcnd- 
ing rate results (in increasing order) were obtained (mV/ten): 2.9? 
4.8; 6.1; 6.6. 



Eacanple 6 

25 

A probe cell was prepared by taking a piece of plastic clad si- 
lica fiber frcm "Quartz & Silice SA", type PCS Fibrosil se- 
ries (diameter 380 jum, core 200 jm, losses 0»14 dh/m at 350 nm, 97% 
trananission) and inserting it by its ends into the grooves of a PVC 

30 as pictured aa Figs 10a and 10b. For caulking, a soluticn of 

siliccne rubber cemsit in acetone was used. The cladding was etch- 
ed away by filling the cell with ocncentrated H^SO^ and leaving it 
there for an hour, (unclad section about 10 cm long) , then the fi- 
ber was made active by the first preferred method described at the 

35 last paragra^iis before the Exanples. 

A film of human imnunoglobulin G (IgG) purcdjased from "Serva 
Biocbenicals" , Heidelberg, Gentany was then deposited on the fiber 
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as fcUcws: the piiosphate buffer in the cell was removed and replac- 
ed fay a 2 g/T solution of the IgG (10 ml) in a 0.9% NaCl soluticsu 
After 2 hrs^ the antibody solution was renorcd and the fiber was rins- 
ed with the buffer solution after vrtiich a 2 g/1 sdlution of bovine 
5 serum albumin obtaining 0.5 ml of "TWEEIN 20" (a detergent) in the 
0.1 M phosphate buffer was introduced and left there for one hour. 
Then, the cell was again rinsed with buffer and filled with fresh 
buffer ( 10 ml). .The cell was installed on the optical bench of the 
apparatus of Fig. 9/ filter 5 being selected forXj^ - 280 ran (pro- 

10 tein absotpticn) and filter 6 passir^A j ^ 340 nm (no protein absorpt- 
ion) , thenr adjustments were made in order to CQiter~ the beamr ha- 
va prop er respo n se of tte electronic units and allow the system to 
equilibrate with the T ^^i Tn i™™ of noise* Ihen, 50 jjI of various dilat-** 
iois of anti-serun {anti-IgG zmsed in rabbits- purc±ased frcm "Da- 

15 ko Itounodieanicals r Cbpaihagen) were added and thoroughly mixed by 
bul±ling air throagfa. The recorder was thai started at zero time and 
the afasocpticn changes at X-j^ - 280 nm were mcnitored for about 10 
min. The average rate of change in this absorption signal was plot- 
ted and the slope was recorded in arbitrary units* The results are 

20 shown in TiabLe V as a function of the ocncentration* 

TSBIB V 

AG (anti IgG) ooncsitraticn Slope of the rate curve 

25 Oig/ml) - {W/mm) 



4.5 2.23 
2.3 1.02 
30 1.S 0.7B 

0.76 not readily measurable 



le 7 



35 Ihe method was essentially as described in the foregoing exam- 

ple but replacing the rabbit IgG by a corresponding labellsd anti-se- 
rmu The labelling ccaipound was fluoresceinrisothiocyanate '^isooer-l" 
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{FTTC) and the labelled antiserum was obtained froQ "Dako", ©lis ma- 
terial strongly absorbs at 492 nm (this wavelength is actually al- 
so that which excites fluorescein) . In the ejcperiment, filter 5 was 
selected for a X - 492 nm filter 6 for a X 2 = 600 nm where no ab- 
sorpticsi occurs, Ihe tests were performed as already described with 
various concentraticns of FZrc-labelled of IgG and also using, in 
another set of measurements, active fiber sections of only 5 cm. The 
results are reported in Table VI. 

TZVBLB VI 



Concentration of labelled 
IgG in test cuvette- ipg/wl) 


Slope o£ rate curve {jaSJ/ndn) 
for fiber lengths 5 and 10 cm 


« 


5 


10 


0.827 


10.2 


22.6 


0.568 


6.8 


14.3 


0.350 


4.1 


8.9 


0.178 


2.1 


4.3 


0.090 


0.98 


2.1 


0.045 


0.43 


0.94 



Eacample 8 



It was seen in the previous Exaitple that tagging with a fluo- 
rescein derivative could be used to modify the absorption spectrum 
of a protein and, oonseguaitly, increase the sensitivity of the test 
of the present invention with regard to the unlabel Iftd species. Of 
course, this system can also be used to measure unknown cGocentrat*^ 
im of unlabelled human IgG (conpetitive i^pe measurements) by using, 
in a3diticn, a fixed concentration of labelled AB , the ratio of which 
over that of the labelled species will then be rate determinant ac- 
cording to the sdione shewn on Fig. 6. In the e:^erimsits, the re- 
sults of which are reported in Tfeble VII, the fixed ccxicentration 
of labelled IgG was 1 ^pg/ml* The values r po r t ed in the first column 
are that of unlabelled IgG« 
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TRBLE VII 



Oilabelled IgG Slope, of rate curves 

cOTcentratiai (jig/ml) {arhitracy units) 



5 



0 (i.e. l;2g/inIof 24.3 
labelled IgG) 

0.09 19-7 

10 0.83 10»2 

4.14 * 2.4 

' 9.2 0-84 



Escanple 9 

15 

fEhe agparatus of Pig. 9 was c^erated under fluorescence roeasn- 
ranent oaiditionSr i.e. the filter 5 for the excitation light was 
for ^ 3_ - 492 nm and the value for filter 6 and for the additicnal 
excitation light blocking filter after the fiber back-Qid was for 
20 ^2 = 518 run. 

^e e^)eriii]ait was actually perfooed exactly as in Exanple 8 
but measuring an increase of signal Cendtted fluocesoence) instead 
of a' decrease as in absoEptiai pbenonsna. As in Exanple 8r the ane^ 
lyte contained 1 Jig/WL of fluorescent IgG + various ccncentraticns 
25 of unlabelled human IgG as shewn in the left column in the Table. 

TOBEE VIII 

Dhlabelled IgG Slope of rate curves 

30 ooncentraticn (pg/ml) (arbitrary units) 

0 17.9 

0.09 13.0 

0.83 5.3 

35 4.14 1.4 - 

9.20 0.42 
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It should be clear to the reader that the results disclosed in 
Exainplas 1 to 9 have been used as the standards for ccnparison pur- 
poses with siiailar saixples of unknown conoentraticns. Conpariscns 
and cOTpitations can be doner ^ usual, visually or by electronic 
5 processing in the raicroooitputers attachable to the disclosed appa- 
ratuses « 
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C L A I H S 



! 1. A methcxi foe determining an analyte in solution in whicdi a 

layer of an analyte-reactant product is built up at the surface of 
a lit wave-guide core carrying a roultiply totally reflected light 
wave signals this layer formation having the effect of changing the 
5 optical properties thereof so as to modify said wave signal and said 
nrxJification being measured and used for said determination^ which 
ocnprises using as a waveguide a core with an index of refracticn 
(n^^) higher than that (n2) of said analyte soluticn and having a rar 
i tio Hj/hj of such value that the depth of penetration in the solutr- 

: 10 ion of the light aanpcnent associated with said wave signal in the 

core practically matches with or exceeds the thickness of said ana* 
lyte reactant product. 

■ 

2. The method of claim Ir ocnprising contacting a section of 
j a lit non-porous wave-guide core coated with a thin film of a react- 
-i 15 ant specific to an analyte with a saLutim of sadd analyte thereby 
^ onahi f ng said analyte to react with said reactant of said film and 

form a reactant-analyte product layer/ observing the corresponding 
optical dianges with time occurring to the li^t wave signal travel- 
ling through the core at the output of said core as the result of 
20 said product layer fonnaticn and correlating the rate data so obtain-* 
ed with correspcnding standard reference rate data obtained in a si- 
milar manner from calibrating sangljes of said analyte* 

3. Oie method of claim 1/ ccnprising coating a section of a non- 
porous wave-guide core with a reference qpantity of the analyte to 

25 be determined^ injecting a light wave signal into an ii^JUt of said 
section r contacting said lit section with the analyte solution whi- 
le adding beforehand or siimitaneously thereto a reference amount 
of reactant fcr causing the latter to competitively react with the 
'analyte in the solution and said reference quantity on the core/ ob- 
30 serving the corresponding optical changes with time occurring to said 
wave signal at an output of said core section as the result of said 
reaction between the reactant and said reference quantity and com- 
paring the rate data so obtained with standard reference rate data 
obtained in a similar manner from calibrating samples of solutions 
35 of said analyte. 
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- 4. The nethod of daim 2, in which there is added in the ana- 
lyte solution a tracer quantity of pure analyte in labelled form, 
the presQice of said label in the reactant analyte product layer on 
the wave-guide core causing the said optical changes to the light 
wave signal travelling through that core, the magnitude of said cha3>- 
ge being in direct relation with the ratio of labelled analyte to 
analyte in the soluticn* 

5. The method of daijn 2, conprising usixig a core with *a coat- 
inc of a reactant in excess of that stoichianetrically needed for 
binding the analyte in' the sduticai to be determined, contacting said 
coated core with the analyte solution for totally binding said ana- 
lyte to be determined, adding to the analyte solution a reference 
annunt of analyte in pure labelled form to react with the still un- 
used excess of reactant, the presence of said label in the reactant 
analyte product causing the said optical changes occurring to the 
wave signal, the magnitude of said change being in' direct proport- 
ion to the ratio of the Labelled analyte to the analyte originally 
in the soluticn. 

6. "Ehe method of claim 2 in which the analyte posesses more than 
one binding site for specifically binding more than cne kind of reac- 
tantSr conprising contacting said core coated with a first reactant 
with said analyte solutionr adding a reference quantity of a seccaid 
reactant for having said second reactant to bind to a second hind- 
ing site of said analyte, the said optical change being the result 
of the binding of said seccnd reactant en the said seocand binding 
site of the analyte bended by its first binding site on said first 
reactant of the core. 

7. The method of claim 2 in which said rate data are interpret- 
ed in terms of the slope of tha rate curves pertaining to the reao- 
ticn under test or the rate data are extrapolated to determine equi- 
libriua ocnditicns. 

8. The method of claims 1 to 7, in vMch said change in the optic- 
al prciperties of the guide core refers to the absorpticai of the wa- 
ve signal, said mcdificaticn leading to a decrease with time of the 
light signal neasured at an output of said core, 

9. The method of claims 1 to 6, in vMch said change in the optic- 
al properties of the guide core concerns the generation of a fluo- 
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rescent light signal r said signal iroreasing with time as measured 
at an output of said core or sidewise thereto. 

10. The method of dainis 1 to 6, in which said change in the 
optical properties of the guide core caicems the scattering of said 

5 li^t wave signal, the extent of such scattering increasing with ti- 
me and being measurable portly sidewise to the scattering regiai and 
partly at an output of the core. 

11. The nethsd of ^T^-jTi^ 1 to 6, in which a polarized light sigit- 
I al is used and in which said change in the optical properties of the 
i 10 guide ccnoems the elliptical pdarizatics parameters of said 'sign- 

al/ said parameters being m^sured at an. output of said core* 
j 12. HbB method of r'lg^jmg i to 10, in tfaich the core is select- 

ed frm light transparsit plate , rod or fiber-like itesns with refract- 
\ ive index at least 1.4* 

15 13. l!he method o£ claim U, in vfeLch the core is a single-mo- 

] de or multi-mode optical fiber core. 

^ 14. The loethod of claim 12, in which a muLti-mode fiber is used, 

and congrising using modes- sufficiently shallow, with regard to the 
fiber axis, to ensure total reflection and sufficiently?; steep to en- 
20 sure a high linear density of light signal ooatibig interaction si- 
tes. 

15. The method of claim 12, in which the core is a mul'timode 
V fiber and in which the modes are selected with an initial reflect- 

ing angle dose to the crifcLcaL angle, whereby in the course of the 
25 reacticn a slight change of the re fra ctive index of the rare me- 
dium that occurs due to the growing of the analyt&-reactant product 
will result in partial or tdtSaL refraction of the light outside the 



•A 



16. An apparatus for measuring kinetic parameters in a reactiai 
30 of an analyte with a specific reactant thereto said reaction occur- 
ring on the surface of a wave-guide and causing detectable changes 
to the optical properties thereof, which ooziprises a light source, 
means to inject a signal from that source into the ii^ait of said war 
ve guide, detecting means to detect tiie light signal having under- 
35 gone changes when travelling therethrough and snerging therefroa and 
ccnverting it to an electric signal, and means for processing said 
signal into useful data pertaining to said reacticn. 
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17 • Hhe aEparatus of cOLaim 16, wherein the wave-guide is select- 
ed fran materials of refractive index higher than that of the reac- 
tion medium, 

18. The aEparatus of claim 17, wherein the wave-guide is in the 
5 form of a plate or a fiber of refractive index in tie range of about 

1.4 to about 3.5 and shaped to ensure that the light signal is trans- 
mitted through said guide ty multiple total reflection. 

19, The apparatus of claim 16, wherein the modified light sig- 
nal ©nerges as a scattered, fliynrescmt or partly absorbed light sig- 

10 nal. 

20, HbB ^Eparatus of daim 16, wherein the wave-guide is in the 
fcrm of a spirally coiled optical fiber. 

21. The aEparatus of daim 18, ccnprising a counter-plate ar- 
• ranged in non-touching dose parallel relatiMship with the wave-gui- 

15 de pLate, the reaction taking place in the space provided between 
said plates, the reaction medium being held in place by capillary 
forces. 
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N° 


1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


U 


12 


13 


14 


15 


16 


Qc 


10" 


15° 


20" 


25" 


30" 


35" 


40° 


45" 


50" 


55" 


60" 


65" 


70" 


75" 


80" 


85° 


"21 


0,174 


0,259 


0,342 


0,423 


0,500 


0,574 


0,643 


0/07 


0,766 


0,819 


0,866 


0,906 


0,940 


0,966 


0,985 


0,996 
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